The buoyancy-affected flow in rotating disk cavities, such as occurs in compressor disk stacks, is known to be complex and difficult to predict. In the present work, large eddy simulation (LES) and unsteady Reynolds-averaged Navier-Stokes (RANS) 
Introduction
In order to achieve further improvements in turbomachinery internal air system design and component temperature prediction, an accurate knowledge of the flow and heat transfer behavior of the system is essential. Computational fluid dynamics ͑CFD͒ is now commonly used to support the design of many elements of the internal air system, but the prediction of buoyancy-affected flow in high-pressure compressor disk cavities has proven particularly difficult. Recognizing the need for progress in this area, experimental and computational research studies of convection in rotating cavities have been included in the European Union ͑EU͒ sponsored ICAS-GT ͑internal cooling air systems for gas turbines͒ and ICAS-GT2 research. Most of the work described here was undertaken as part of the ICAS-GT2 research program and arose from the recognition that LES methods may have distinct advantages over RANS methods for this problem, which is known to give rise to large scale unsteady flow structures. In LES the larger turbulent eddies are simulated, with smaller ͑subgrid scale͒ eddies being modeled. The subgrid scale modeling is dependent on the mesh size and ͑unlike RANS models͒ is designed to allow development of the larger resolved eddies that interact with the mean flow.
A number of relevant experimental studies have been reported using various experimental techniques, such as velocity measurement, heat transfer, and/or flow visualization. The geometries considered in the experiments include simply enclosed rotating cavities ͑for example, ͓1͔͒, the idealized plane disc with an axial throughflow ͓2-4͔, as well as geometries that are more representative of engines ͓5-9͔. Typically, the cavity flows were found to be highly three-dimensional ͑3D͒ and unsteady, with various flow structures, such as "radial arms," penetrating the cavities. Strong dependency on rotational speed, axial throughflow strength, and temperature gradients has also been identified. The disk heat transfer regimes can be broadly divided into three regimes: buoyancy dominated, axial throughflow dominated, and transitional. Heat transfer correlations are often related to rotational Rayleigh or Grashof numbers, through analogy to results for free convection in gravitational fields. Dependencies on Reynolds number and Rossby number ͑Ro= W / a⍀ where W is the axial throughflow bulk velocity and a⍀ is the disk speed at the inner radius͒ have also been identified. In accordance with mixed convection under gravity, different regimes have been associated with different ranges of a buoyancy number ͑Bo= Ro/ ͓␤⌬T͔ 0.5 , where ⌬T is the driving temperature difference and ␤ is the coefficient of thermal expansion͒. The experimental correlations are inevitably based on particular geometries and consequently often display significant scatter. In these difficult experiments, measurement uncertainty can also be significant.
A number of numerical simulations have also been reported. For low rotational Grashof number convection in a sealed cavity with different uniform disk temperatures, Chew ͓10͔ found that an axisymmetric, steady, laminar flow model gave good agreement with heat transfer measurements. Bohn et al. ͓11,12͔ reported that laminar steady models gave "quite good" agreement with measurements for axially heated sealed rotating cavities at higher Grashof number, and also noted the tendency of the flow to become unsteady with radial heating. It is now widely accepted that negative radial density gradients cause flow unsteadiness analogous to Rayleigh-Benard convection under gravity. Long and Tucker ͓13͔ obtained laminar unsteady CFD solutions for a heated cavity with axial throughflow and claimed reasonable accord with an earlier experimental correlation for disk surface heat transfer. However, limitations of the laminar model were also recognized. Iacovides and Chew ͓14͔ applied a steady, axisymmetric RANS model to the high Rossby number "throughflow-dominated" regime and concluded that the calculated disk heat transfer was comparable to measured data, but firm conclusions could not be drawn due to experimental and modeling uncertainties. Other studies ͑for example, ͓15,16͔͒ have been reported using conventional k-turbulence models in unsteady 3D simulations, but the information available in the open literature is limited. Wong's comparisons ͓16͔ with heat transfer measurements gave mixed results. In a recent publication, King et al. ͓17͔ applied a twodimensional, unsteady, laminar CFD model to Rayleigh-Benard convection in a sealed cavity. The calculated heat transfer was higher than Bohn et al.'s ͓1͔ experimental correlation.
As a precursor to the present work, Sun et al. ͓18͔ studied high Rayleigh number free convection under gravity in a stationary cube and under centripetal force in a rotating cavity. Somewhat surprisingly, laminar, unsteady three-dimensional CFD models were found to give excellent agreement with accepted empirical correlations for the stationary cube, and with Bohn et al.'s sealed rotating cavity results. Large-scale flow structures were found at all conditions considered. Although the solutions showed turbulent characteristics, the smallest ͑Kolmogorov͒ turbulent length scales were not fully resolved, indicating that these calculations could be classed as large eddy simulations with the numerical viscosity contributing to turbulence energy dissipation. As the laminar unsteady/LES model would be unlikely to be suitable for modeling cavities with a central axial throughflow, the Smagorinsky-Lilly model was used in the present LES study. The results obtained are compared to both experimental data and with RANS solutions. The configuration studied experimentally by Long et al. ͓19͔ was selected for this study, as it was considered to be reasonably representative of engine operating conditions, and shroud heat transfer and cavity velocity measurements were available. As far as the authors are aware, this is the first application of LES to the problem of buoyancy affected rotating cavity flow with axial throughflow.
Model Definition
2.1 Geometry and Meshing. The geometry considered in this work is based on the rig described by Long et al. ͓19͔ . A detailed description of the test rig and experiments performed can be found in the thesis by Alexiou ͓20͔. This test rig included a stack of model compressor disks forming four rotating cavities. The third cavity was selected for detailed investigation and is illustrated schematically in Fig. 1 . The ratio of the inner and outer radii is a / b = 0.319. The gap ratio between the cavity width s and the outer radius b of the cavity is G = s / b = 0.195. A stationary shaft, radius r s = 0.886a formed the inboard flow boundary. During the experiments, the disks and connecting cavity shroud were rotated at a constant speed, and heating was applied to the outer surface of the rotor.
The computational meshes were generated in GAMBIT ͓21͔ by first defining a 2D mesh in the plane of Fig. 1 and then extruding this circumferentially. Following Sun et al. ͓18͔, sector models were generated instead of a full 360 deg cavity to reduce computing requirements. Three sector models, with arc lengths of 45, 90, and 120 deg, as well as a full 360 deg model were generated. The mesh sizes for these models were constructed from 1.36, 3.24, 4.07, and 12.2 million hexahedral cells, respectively. Mesh spacing was such that the value of the mean dimensionless near-wall distance ͑y + ͒ was 0.6-1.0 in the LES calculations. The number of mesh cells in the wall boundary is typically 20. The expansion ratio of the boundary mesh cells is 1.1. Such a mesh resolution may be regarded as adequate from a general consideration of LES practice. Supporting evidence is also given by the mesh independence investigation conducted in the authors' previous study ͓18͔ for high Rayleigh number free convection under gravity in a stationary cube and under centripetal force in a rotating cavity, although mesh independence has not been demonstrated in the present investigation. A sectional view of the 120 deg mesh, which has 250 equally spaced points in the circumferential direction, is shown in Fig. 2 .
Boundary Conditions and CFD Modeling.
The FLUENT CFD code version 6.1 ͓22͔ was used in all the calculations presented here. The domain boundary was divided into rotating surfaces, stationary surfaces, inlet, and exit and circumferentially periodic sections, and appropriate conditions were imposed. The inlet mass flow rate and the outlet static pressure were defined in accordance with experimental data. In FLUENT LES computations, the stochastic velocity components of the inflow are accounted for by superposing random perturbations on individual velocity components, which are obtained in terms of the assigned turbulence intensity, mean flow velocity, and the Gaussian random function. In recognition of the strong mixing effects between the central axial throughflow and swirl flow in the upstream cavities, the inlet turbulence intensity was set to 20%. For two LES cases discussed later ͑tests 33 and 34͒, the inlet mean swirl velocity was specified from the tangential velocity profile at outlet obtained from a steady, axisymmetric RANS simulation of an annular pipe flow with similar geometry. For a third case ͑test 50͒, the preswirl was simply defined consistent with "solid-body" rotation at rotor speed, as this was thought to be a fair approximation to the steady RANS solution. No-slip conditions were imposed on all solid boundaries. Rotor temperatures were specified from interpolation of thermocouple measurements for the corresponding experiment, and the shaft was assumed to be adiabatic.
The LES models used the classic Smagorinsky-Lilly subgrid scale model ͓23,24͔. It is generally thought that the model parameter C s needs to be tuned from case to case. According to Sagaut ͓25͔, the model constant C s represents a relationship between the mixing length associated with the subgrid scales and filtering cutoff length and may vary from 0.10 to 0.33. The theoretical value of C s is 0.18 for isotropic, homogeneous turbulence. For the inertial subrange of an isotropic, homogeneous turbulence, Lilly ͓24͔ further derived a value of 0.23 for the constant C s . Therefore, the constant C s = 0.23 was adopted after some initial experimentation. In the near-wall regions, the FLUENT LES model is reported to assume linear profiles when y + values are small ͑as is the case To compare to the LES simulations, a RANS calculation using the same mesh was also conducted. The RANS turbulence model employed in this calculation was a two-layer RNG k-/ k-l model ͓26,22͔. This model is appropriate for the fine near-wall mesh spacing used here and had been found to perform similarly to other two-equation RANS models for this class of flow.
An implicit pressure correction solution algorithm was employed, with second-order temporal and spatial discretization for both the LES and RANS solutions. Central spatial differencing was used for the LES calculations, and upstream differencing for the RANS calculations. The time step was set to 1.0 ms ͑corre-sponding, for example, to 0.02 times the revolution time ͑2 / ⍀͒ for test 33͒. Solutions were obtained in the frame of reference rotating with the rotor; thus, relative velocities were smaller than they would have been in the absolute frame. Unsteady simulations were started from "part-converged" steady-state RANS solutions.
Flow Conditions.
The three experimental test cases considered, tests 33, 34, and 50, are summarized in Table 1 , with appropriate nondimensional parameters. The test cases were selected to cover most of the experimental range for the Buoyancy number with the rotational speeds being relatively low to minimize the mesh resolution requirements. The shroud Grashof number in Table 1 is defined as Gr= ⍀ 2 ␤⌬Tb͑s /2͒ 3 / 2 , where ⌬T is the shroud to inlet air temperature difference, and denotes kinematic viscosity. The Rossby number Ro and the buoyancy number Bo are as previously defined. Axial and rotational Reynolds numbers ͑Re z = Wl / , and Re = ⍀b 2 / , where l is the inlet hydraulic diameter͒ are also given for reference. Note that in the test 50 calculations, the operating pressure was set to a higher value in the CFD than in the corresponding experiment, resulting in Gr = 2.92ϫ 10 8 and Bo= 9.21, whereas Re z = 1.53ϫ 10 5 remained unchanged. Based on the results of other work and experimental evidence in this parameter range, it is judged that the higher operating pressure should not radically affect the Shroud Nusselt number predictions.
With regard to the computation speed, typically for a 120 deg model with a mesh of 4 ϫ 10 6 cells, each time step takes ϳ4 min in CPU time when performed on a PC cluster with 20 2 GHz processors using low latency Myrinet networking. More powerful PC clusters and supercomputers will shorten the computation time.
Results
LES results are presented first, in the following three subsections. RANS and LES models are then compared in the section "Comparison of LES and RANS Models." 3.1 Shroud Heat Transfer. In the experimental investigation, heat fluxes were estimated from thermocouple measurements at the midaxial position on the shroud. Shroud heat transfer was therefore selected for initial evaluation and comparison of results. Figure 3 shows a time history for the calculated circumferentially averaged midshroud heat flux. This is typical of the LES results. Considerable variations occur even after circumferential averaging, and this indicates the presence of large-scale rotating structures in the flow. ͑Henceforth, the term average is used to refer to a circumferential average.͒ Note that the shroud Nusselt number used here is defined as
where q is shroud heat flux. Sensitivity to the angular extent of sector used in the model was examined for test 33, and results are shown in Fig. 4 , which also presented the corresponding experimental data. The CFD results in Fig. 4 ͑and elsewhere when time-mean values are presented͒ are obtained from time averages of the monitored circumferentially averaged shroud heat flux data, typically based on 5000 time steps in the later part of the simulation, for which the time mean value had stabilized. ͑Henceforth, the term mean is used to denote the time average of the circumferential average monitors͒. For convection in a sealed rotating cavity, Sun et al. ͓18͔ showed that there was little difference in computed mean heat transfer between 45 deg sector and full 360 deg models. In the present results, some sensitivity is apparent, although there is little change in results obtained using the 120 and 360 deg models. The trend can be explained by the fact that the periodic conditions limit the appearance of larger flow structures, consequently reducing the heat transfer on the shroud. All further calculations reported here were conducted using the 120 deg sector model.
Underprediction of the shroud heat transfer is obvious in Fig. 4 . Further comparisons are shown in Figs. 5 and 6. The experimental Noting the experimental trends of shroud Nusselt number at these Grashof and buoyancy numbers, this is unlikely to have a serious effect on the conclusions drawn here. Tests 33 and 34 are at relatively low buoyancy numbers. Test 50 is at a higher buoyancy number, where the axial throughflow is relatively stronger. The difference in heat transfer between the LES calculations and the measurements is between −25% and 6%. For tests 33 and 34, LES underpredicts the heat transfer, whereas for test 50 the difference may well be within experimental uncertainty. Experimental trends are followed by the model predictions reasonably well, as far as can be deduced from this limited number of tests. Also, considering that these results may be sensitive to the near-wall LES modeling and the assumed boundary conditions, the degree of agreement achieved is considered encouraging.
Mean Velocity and Turbulence
Characteristics. Experimental velocity measurements from this test rig have been reported by Alexiou ͓27͔. These show that the mean flow is almost in "solid-body" rotation in the outer part of the cavity when buoyancy number is small. This behavior is captured in the present LES calculations for tests 33 and 34, as shown in Fig. 7 . Here, the time mean and circumferentially averaged relative tangential velocity at the midaxial position divided by the disk speed is plotted against nondimensional radial position. A direct comparison of the tangential velocity profile with measurement for the test case test 50, for which Bo= 11.5, is also given in this figure. It can be seen that the LES predictions are in good agreement with the measured data.
As previously noted, the predicted flow and heat transfer is essentially three-dimensional and unsteady, as observed in experiment. Although the existence of large-scale unsteady structures is widely accepted, the degree of turbulence that is present is less well established. Indeed, it has been hypothesized that regions of laminar flow may occur. Monitoring point histories of temperature and relative tangential velocity at the domain central point ͑CP͒ are shown in Figs. 8 and 9. Corresponding normalized turbulence energy spectra are shown in Figs. 10 and 11 . The data shown are for test 34. Figures 10 and 11 include a −5 / 3 trend line to allow comparison to the expected trend for isotropic turbulence in the inertial subrange as observed in many experiments ͑see, for example, ͓28͔͒. Clear irregular fluctuations can be seen in Figs. 8 and 9. The corresponding spectra in Figs. 10 and 11 show that the resolved turbulence energy spectra have regions where the slope is −5 / 3. Qualitatively, the spectra have the expected properties with foreshortening of the −5 / 3 region at high frequencies due to dissipation associated with the sub-grid-scale turbulent viscosity and ͑possibly͒ numerical diffusion.
Flow Structures.
Large-scale flow structures are revealed by instantaneous, midaxial contour plots of static temperature ͑T − T in ͒ / ⌬T, relative tangential velocity V t_rel / r⍀ and radial veloc-ity V r / b⍀ in Figs. 12-14. The colder central throughflow can clearly be seen in Fig. 12 . It may also be observed that hot and cold radial "arms" or "plumes" penetrate the cavity. Test 34, with the highest Grashof number and lowest buoyancy number, shows the strongest cold plume emanating from the throughflow jet. The flow structures for this case are possibly less ordered than at lower Grashof number. CFD 50 * , corresponding to Test 50, with the highest buoyancy number, exhibits the sharpest definition of the jet boundary and has a generally cooler core flow within the cavity.
The instantaneous velocity contours in Figs. 13 and 14 show larger flow structures compared to those from the instantaneous temperature contours in Fig. 12 . King et al. ͓17͔ noted even more pronounced differences between velocity and temperature contours in some of their 2D laminar-sealed cavity simulations, and Transactions of the ASME attributed this to vacillation of the flow structure. Examination of transient behavior does confirm that the flow structure is continually changing.
Comparison of LES and RANS Models.
For comparison to the LES results, an unsteady RANS calculation for test 50 was conducted using the RNG k-model with the 120 deg sector model and same mesh as for the LES calculation. As shown in Fig. 15 , it was found that the RANS calculation gave much poorer predictions in terms of shroud heat transfer and tangential velocity profiles. The amplitude of shroud heat transfer fluctuations is also weaker in the RANS calculation. A further RANS calculation, using a coarser, 2 ϫ 10 6 cell mesh for the full 360 deg domain, also gave similar results.
Comparison of the RANS prediction of turbulence viscosity to the LES sub-grid-scale turbulence viscosity at the cavity midaxial position shows the former to be around two orders of magnitude larger, as might be expected. This, of course, affects the mean flow field and its fluctuations, as confirmed by the center point tangential velocity results in Fig. 16 . At first sight, the normalized turbulence energy spectra from the two calculations are perhaps surprisingly similar. Note, however, that it is difficult to identify clear trends from these data; longer simulation times are really required to reduce the statistical scatter and aliasing. This does of course raise interesting questions regarding the relationship between unsteady RANS calculations and LES as often practiced. In this case, the basic instability of a rotating flow with a negative radial density gradient makes some unsteadiness in the RANS solution inevitable, and the energy contained in large-scale fluctuations, must presumably be convected away or dissipated. The subgrid turbulence time scale in the LES calculation is given by L sgs 2 / sgs , where L sgs and sgs denote the subgrid length and the subgrid turbulence kinematic viscosity, respectively. The subgrid turbulence time scale is of order 10 ms at the cavity center point, which is consistent with dissipation of turbulence energy ͑and departure from the −5 / 3 slope in Fig. 16͒ for frequencies greater than 100 Hz. The turbulence time scale for the RANS solution at the cavity center is ϳ3 ms. This corresponds to a frequency of ϳ300 Hz, and, compared to the LES result, gives a less convincing representation of the large scale turbulence.
Differences between large-scale flow structures presented in the LES and RANS results are more obvious in the instantaneous, midaxial plane temperature and velocity contours. For the RANS calculations, these are given in Fig. 17 , which should be compared to Figs. 12-14. In the case of the RANS results, the structures appear sharper and better defined.
Conclusions
Large eddy simulations of flow and heat transfer in a heated rotating cavity with a central axial throughflow have been obtained and compared to the available experimental data and unsteady RANS model calculations. The results of the LES models are very encouraging in that they were clearly in better agreement with the measured data than those obtained using a k-⑀ model. In the LES study, shroud heat transfer predictions were within 25% of measurements, and good agreement with tangential velocity measurements was demonstrated. However, the LES calculations are computationally demanding, to the extent that the present investigation was limited to just three experimental conditions. Further work is recommended, including investigation of more experimental conditions and careful consideration of the near-wall LES modeling and interaction of the flow in the central jet with the main cavity flow. As recent calculations on the UK national HPCx computing facility show, the capability for LES calculations is advancing rapidly and further development and application of LES for this class of problem is to be expected.
Both LES and RANS models reveal large-scale flow structures. These are better defined for the RANS calculations, and there is a higher level of fluctuation in the LES. Temperature contours from the LES results show a finer structure than the corresponding velocity contours. For both RANS and LES models, results from a 120 deg sector model gave very similar mean flow quantities to those obtained from a full 360 deg model. For smaller sector arc lengths, the suppression of the larger structures by the periodic boundary condition does affect the mean flow and heat transfer. 
